Abstract. We study the truncated Kramers-Kronig (KK) medium to reveal the effects of nonreciprocity in reflection on the scattering and the wave guiding properties. We focus on the simplest possible spatial profile mimicking the dielectric response. We show that a finite slab of KK medium can support only one sided null scattering under bidirectional identical illumination. However, for a phase lag between the two incident beams it is possible to have null scattering on the other side. This is shown to be a consequence of the nonreciprocity in reflection due to the inherent asymmetry of the KK medium. We further look at the possibility of surface modes for unidirectional illumination. For specific range of parameters, we show the existence of TM polarized surface plasmons only for illumination from one side. The origin of such modes is traced to the inhomogeneous metal like layer with negative real part of the permittivity in the KK medium.
Introduction:
Suppression of reflection has been one of the central topics in optics for several decades mostly because of its potential for various applications [1] [2] [3] . Inhomogeneous dielectric stratified media (both continuous and discrete) have been explored to this end [4] [5] [6] . Complex dielectric profiles have also been studied [7, 8] . In the pioneering work by Kay and Moses [9] on reflectionless potentials and its later theoretical and experimental follow up [5, 10, 11] , the dielectric index profile was assumed to be lossless. Recently, Horsley et al [12] have introduced a general class of spatially inhomogeneous planar dielectric medium, namely, the spatial Kramers-Kronig medium, which offers unidirectional antireflection [13] [14] [15] . For this new class of locally isotropic, non-magnetic medium, the spatial profiles of the real and the imaginary parts of the complex dielectric permittivity ǫ(z) are related by the Kramers-Kronig (KK) relations [12] . The spatial KK relations will hold for any planar dielectric medium whose spatial permittivity profile ǫ(z) is an analytic function (that is without poles) of complex spatial co-ordinate (z = z ′ + iz ′′ ) in the upper (or lower) half of the complex plane [12] . As can be anticipated from the response theory [16] , for such media, the reflection of wave from the left (or the right) of the profile would vanish for any given angle of incidence [12, 14] , thus offering the possibility of unidirectional antireflection. Unidirectional invisibility has also been observed in PT symmetric and other systems [17] [18] [19] , some of which fall under the category of the KK media [12] . A deeper look at the underlying physics and mathematics of the KK medium has revealed the possibility of bidirectional invisibility for incidence from either the left or right [20] . The novelty of the spatial KK media as compared to other non-reflecting profiles is that they do not require any symmetry under spatial or temporal inversion. Moreover, they also do not require presence of gain or negatively refracting media to produce anti-reflection behavior or invisibility. Despite the considerable promise of this new class of optical media, experimental realization of the KK dielectric function profile still poses a formidable task, since one needs to simultaneously engineer the spatial distribution of both the real and imaginary parts of the dielectric function. Moreover, like in the case of reflectionless potentials, most of the above results hold for KK media of infinite extent [12] . Thus, one needs to consider the effect of truncation of the profile, which is inevitable for any practical realization. In the context of reflectionless potential it was shown that truncation of the profile leads to loss of antireflection for grazing and near-grazing incidence [10] . Some of the consequences of truncation was addressed in the original work of Horsley et al [12] (see the supplementary material). In this paper we study the truncated profile with two specific targets. Firstly, we probe the possibility of coherent perfect absorption (CPA) in a finite KK medium for simultaneous bidirectional illumination. Note that CPA in linear [16, [21] [22] [23] [24] and nonlinear [25] [26] [27] systems as well as its quantum variations [28] [29] [30] have been studied in detail in recent years. We show that the inherent asymmetry in the KK medium rules out the possibility of having CPA though one can have complete suppression of scattering only on one side. This is shown to be a direct consequence of 'nonreciprocity in reflection' in an asymmetric structure with loss or gain [16, 31, 32] . The second part of our paper focuses on the ability of a symmetrically loaded KK medium to support plasmonic surface waves. To this end we exploit a highly truncated KK medium where there is a metal like (with negative real part of the dielectric function) section. The surface mode is shown to exist only for TM polarization and when the metallic part faces the incident beam. The mode can easily be detected in the attenuated total reflection (ATR) geometry [16] . Such modes do not show up when the illumination is from the opposite dielectric side. Despite having an inhomogeneous distribution of the dielectric function the mode is shown to be localized at the surface with expected local field enhancement.
One sided complete suppression of scattering
Consider the structure shown in Fig. 1 where a KK medium of finite extent 2d is embedded in a dielectric medium with dielectric constant ǫ i . We pick the simplest 
where A and ξ are real constants and ǫ b gives the background dielectric constant. The origin is chosen at the centre of the KK medium occupying the domain -d≤ z ≤ d. All the media are assumed to be nonmagnetic. In contrast to the existing studies with unidirectional illumination we let the medium be excited by two monochromatic TEpolarized plane waves from the opposite sides at an angle θ. Left to right(right to left) incident and resulting reflected and transmitted amplitudes are labeled by subscript 'f'('b'). The illumination geometry is the one used for CPA [22] . By virtue of the spatial symmetry of the standard CPA systems with identical illumination r f = r b and t f = t b and the CPA condition reduces to |r + t| = 0 (r and t represent the amplitude reflection and transmission coefficients). This amounts to the equality of the magnitudes of the amplitude reflection and transmission coeffecients and a mutual phase difference of π between them ensuring complete destructive interference between the two on either side. In our case of finite KK medium the inherent asymmetry requires the fulfilment of both the following relations It is now well understood that irrespective of the spatial symmetry, transmission is always reciprocal (same for both forward and backward illumination) [31] . The same is not true for reflection for lossy (gain) systems for identical incident fields. It has different magnitudes and in general |r f | = |r b |. Thus it is practically impossible to simultaneously fulfil both the conditions given by Eq. (2) and Eq. (3) for any chosen set of system parameters. In other words complete destructive interference on both sides of the KK medium is not possible and a finite KK medium cannot absorb all the incident light. Though CPA is ruled out, one can still have complete suppression of scattering only on one side of the medium by fulfilling one of the above equations for a particular set of parameters.
We would like to note here that nonreciprocity in a broader sense refers to systems that break the Lorentz reciprocity condition [33, 34] . It has been shown that the Lorentz reciprocity can be broken in specific systems (e.g., exhibiting nonlinearity, having asymmetric permittivity or permeability tensor and so forth [33] [34] [35] ) leading to nonreciprocal transmission, which is desirable for potential applications involving optical diode action and isolation [33, 35] . In contrast, nonreciprocity in our case (in the context of the one dimensional stratified KK-medium) refers only to the reflected waves [31] . The truncated spatial KK medium studied by us satisfies the Lorentz reciprocity condition, as in this case, the dielectric permittivity of the medium is a scalar. As a consequence of Lorentz reciprocity, transmission is always reciprocal (optical diode action or isolation is ruled out in such structures). Interestingly, as demonstrated previously [31, 32, [34] [35] [36] [37] [38] , for lossy systems lacking spatial symmetry reflection can be nonreciprocal.
Numerical calculation of the reflection and transmission coefficients is carried out by a fine subdivision of the KK medium and assuming the optical properties (dielectric constant) to be uniform in each sublayer. A characteristic matrix approach [1, 16] is invoked to calculate the transmission and reflection spectra. For the results shown in Fig. 3 , the following set of parameters were chosen for calculation: A = 1.25, ξ = 0.06 λ, ǫ b = 1, ǫ i = ǫ f = 1, λ = 1.06 µm, d = 10 µm. It is important to note that the relative phase δ of the incident beams, which can be easily controlled by additional delay on the path of one of the beams, plays a very crucial role in determining the total scattering on either side of the KK medium. We have defined the scattering to the left and right of the KK profile as I f = log 10 |r f +t b | 2 and I b = log 10 |r b +t f | 2 , respectively. The corresponding phase differences for left and right incidence are denoted by ∆φ f = arg(r f ) − arg(t b ) and ∆φ b = arg(r b ) − arg(t f ), respectively. The absolute values of the reflection and transmission coefficients, their phase difference ∆φ f and the total scattering on the left • , with ∆φ f = π resulting in a dip in total scattering on the left of the structure (|r f + t b | = 0). The right panel of Fig. 3 shows similar quantities on the right side of the KK profile. For example, Fig. 3(d) shows the reflection and transmission coefficients on the right side of the structure. It is interesting to note that for the said parameters with δ = 0, Eq. (3) can not be satisfied since the phase relation can not be met at θ = 31.68
• , though |r b | = |t f |. However, as shown in Figs. 3 (e) and (f), a delay of one of the beams amounting to a phase difference δ = 0.925π can lead to null scattering on the right of the structure as well. It is thus clear that a controlled delay of the two incident beams can engineer the nature of scattering on the left and right of the structure. For a chosen set of parameters, one can have complete suppression of scattering only on one side of the KK profile, though CPA is ruled out.
The parameter dependence of the scattering cancellation dips of |r f + t b | is shown in Figs. 4(a), (b) , (c) for the same set of parameters used in Fig. 3 . It is clear from Figs.  4(a), (b) , (c) that there are distinct regions in the parameter space where the distructive cancellation of the scattering can take place. The system parameters control the crossing of the magnitudes of the reflection coefficient (for forward and backward incidence) with that of the transmission coefficient, while the regulated delay can ensure suppression of scattering on the desired side. Note that the crossings are not always possible leading to only one-sided supression of scattering. For eample, for A = 2.0, there is no matching of |r b | and |t f | leading to finite scattering on the right of the structure.
Surface modes of a truncated KK medium
In this section we probe for the surface modes of a highly truncated KK medium in a folded Kreschtmann configuration (prism-air-KK medium-air-prism) [16] (see Fig.  5 ). Let the system be illuminated by a plane TM-polarized light from one side. As mentioned earlier, the asymmetry of the KK medium ensures distinct reflection spectra for incidence from left and for incidence from right. In what follows, we show that for left incidence one cannot excite the surface mode, while for right incidence one has a well defined dip in the ATR spectra. For numerical calculations we have used the following set of parameters: A = 20, ǫ b = 1, ξ = 0.06, d = 0.4µm, ǫ i = ǫ f = 2.25, ǫ a = 1, µ i = µ f = 1 and λ = 1.06µm. The results for the intensity reflection coefficient as a function of angle of incidence is shown in Fig. 6 , where we have presented the case of TE polarized plane wave also just to highlight the plasmonic origin of the surface mode. The inset shows how the excitation of the mode can be optimized by controlling the width of the spacer layer d a . It is clear from Fig. 6 , that the surface mode can be excited only for incidence from right. This can be easily explained by looking at the dielectric function profile shown in the inset of Fig. 5 . For large A, left half of the KK medium acts like a dielectric, while the major portion of the right half behaves like a metal with Re(ǫ(z)) < 0. Thus the right interface between the KK medium and the spacer layer essentially represents a metal-dielectric interface supporting the surface plasmon localized at that interface. The left interface, being that between two dielectrics cannot support the surface mode, which explains unidirectional excitation. In order to verify this, we plotted the field distribution inside the layered medium (see Fig. 7 ) which clearly shows the localization of the field and the associated local field enhancement. It is interesting to note the exponential decay of the field profiles away from the interface though we have a inhomogeneous 'metal' /dielectric interface instead of the standard uniform metal/dielectric interface for surface plasmons.
Conclusions
We have studied a truncated KK medium to reveal two of its interesting properties. Under simultaneous bidirectional illumination we have ruled out the possibility of having CPA in such structures. However, the complete suppression of scattering on either side of the structure is shown to be feasible for very specific system parameters. We have shown how the phase delay between the incident beams can control the suppression of scattering on either side of the structure. In addition, we probed the feasibility of surface plasmons in a highly truncated system showing that such modes can exist only for incidence from the 'metallic' side. Both the aspects discussed above owe their origin to the nonreciprocity in reflection in a generalized lossy system lacking spatial symmetry. We would like to note that materials with dielectric permittivity profile satisfying spatial Kramers-Kronig relation have not yet been realized. This is primarily due to the inherent challenge in simultaneous engineering of the spatial distribution of both the real and the imaginary parts of the dielectric function. Despite this, theoretical studies on such spatial KK medium have attracted lot of recent attention due to its fascinating optical properties and its promise to offer new ways for the design of antireflection surfaces and thin materials with efficient light absorption. Since for practical realization of a such medium, one need to consider the effect of truncation of the profile (finite spatial extent), here we have addressed this issue. The results of this study yields new insights on wave propagation in this new class of optical media, and may also provide guidance in the development of metamaterials based on appropriately chosen permittivity profile. The on-demand delay-controlled suppression of scattering on one side of the structure and the unidirectional excitation of the surface plasmons may also find applications for optical logic operations. With the rapid development in the field of dispersion engineering, metamaterials research and nano-fabrication technology, it is hoped that fabrication and practical realization of this new class of optical media will be possible in the near future. This would enable observation of a number of fundamental effects as predicted here and in other contemporary research, and may eventually lead to the development of novel optical devices. This theoretical study may therefore stimulate experimental research on this emerging new class of optical materials.
